Ultrasound-assisted micellar extraction of phenolic antioxidants from spices has been developed for the first time. The effect of the surfactant nature and its concentration on the extraction efficiency has been 
Introduction
Plant raw materials including spices and aromatic herbs are important objects of investigation and analysis in life sciences due to a wide spectrum of their biological activity and useful properties. They are the sources of a great variety of compounds of different natures, including antioxidants. Many of the compounds that have been isolated from spices and aromatic herbs, including some vitamins, avonoids, terpenoids, carotenoids, and phytoestrogens, render them or their antioxidant components useful as preservative agents in food.
1,2 Therefore, the investigation of spices' antioxidant properties is of interest.
Spices are used as food additives in the form of whole or ground spices, and as isolates from their extracts. The extraction procedure is determined by the types of antioxidant compounds to be extracted. The choice of an extraction procedure signicantly affects the nal product properties. For polyphenols and other antioxidants in plant materials, three principal extraction techniques may be used: liquid, solid-phase and supercritical extraction. These are discussed in detail in the review.
1
In recent years, ultrasound-assisted extraction is oen applied for the extraction of plant material using liquid solvents, providing higher yields of target analytes. [3] [4] [5] Moreover, it is more environmentally-friendly, simple and inexpensive and also improves the extract quality, making it an efficient alternative to conventional extraction techniques. 3, 4 The use of ultrasound-assisted extraction may prevent possible chemical degradation of target compounds due to the decreased chemical involvement and reduction in extraction time. 5 This approach has been successfully applied to the extraction of bioactive principals from herbs, 6 capsaicinoids from chili peppers, 7 hesperidin from Penggan peel, 8 polyphenols from orange peel, 9 anthocyanins from mulberry, 10 polyphenols from grape seeds, 11 and phenolic compounds from sage, 12 etc. Organic media, methanol in particular, ethanol and nonpolar solvents are usually applied for the extraction of active components from spices. Over the last decade, green chemistry concept based on substitution of organic solvents with nontoxic water media has risen in interest. Surfactant micellar media is one of the possibilities to realize this approach. 13 On the other hand, the micellar extraction of spices' active components simulates partially the conditions during cooking. A mixed micelle-mediated cloud point extraction system has been developed for the extraction and preconcentration of synthetic phenolic antioxidants (propyl gallate, tert-butylhydroquinone, butylated hydroxyanisole and octyl gallate) in the cakes. A mixture of two non-ionic surfactants, polyoxyethylene (7) nonylphenyl ether and polyoxyethylene (9) nonylphenyl ether, has been utilized as a suitable micellar medium for the preconcentration and extraction of the analytes.
14
There is a lack of investigations regarding the combination of micellar media and ultrasound treatment for the extraction of active components from plant raw materials. An ionic liquid surfactant-mediated, ultrasonic-assisted extraction coupled to HPLC has been successfully applied for the analysis of tanshinones in Salvia miltiorrhiza bunge.
15 Triton X100 micellar medium under ultrasound treatment has been used for the spices' phenolic antioxidants extraction and their ferric reducing power (FRP) estimation based on the reaction of phenolic antioxidants with electrogenerated hexacyanoferrate(III) ions. The maximum recovery has been achieved by a single extraction with 0.25 mM Triton X100 solution for 10 min.
16
The aim of this work is the development of ultrasoundassisted surfactant micellar extraction of the phenolic antioxidants from spices and estimation of the extracts' antioxidant properties. The efficiency of extraction has been checked by coulometric titration with hexacyanoferrate(III) ions showing selectivity towards phenolic compounds. 17 The antioxidant properties of the extracts have been characterized by total antioxidant parameters, particularly, total antioxidant capacity (TAC), FRP and ceric reducing/antioxidant capacity (CRAC) based on reactions with the coulometric titrants (electrogenerated bromine, hexacyanoferrate(III) ions and Ce(IV), respectively). It should be noted, that coulometric titration with electrogenerated titrants is characterized by high sensitivity, simplicity, accuracy, cost-efficiency and reliability, as well as the possibility of miniaturization. Coulometry and coulometric titration are absolute methods similar to gravimetry and do not require chemical standards or calibration. Besides, it is also a very attractive form of providing reagents for systems based on in situ generation by electrolysis and further reactions with the substances being determined. Therefore, in fact, the electrons play the role of titrant. This analytical method is widely employed in product quality assay and in process control in various industrial areas.
18 Constant-current coulometry is successfully applied in the evaluation of total antioxidant parameters such as TAC using titration with electrogenerated bromine 19 and FRP using hexacyanoferrate(III) ions. 17 In this case, the coulometric data allow to characterized the sample as a whole avoiding the time-consuming identication and quantication of each component, as in chromatography.
Experimental

Reagents and chemicals
Surfactants Triton X100 and Brij® 35 from Sigma (Germany), sodium dodecylsulfate (SDS) from Panreac (Spain) and cetylpyridinium bromide (CPB) from Aldrich (Germany) were used. Their 0.1 mol L À1 stock solutions (0.005 mol L À1 for CPB) were prepared by dissolving a denite amount of the appropriate substance in 250 mL of water. More dilute solutions were prepared by exact dilution of the stock solution.
Gallic (99% purity), caffeic (98%), rosmarinic (98%), and p-coumaric (98%) acids, vanillin (99%), quercetin (95%), catechin hydrate (98%), thymol (99.5%), curcumin (65%) from Curcuma longa and capsaicin (50%) were purchased from Sigma (Germany). Chlorogenic (95% purity) and ferulic (99%) acids, eugenol (99%) and syringaldehyde (98%) were obtained from Aldrich (Germany). Rutin trihydrate (97% purity) from Alfa Aesar (UK) and tannin of Ph.Eur. purity from Fluka (Germany) were used. Their 0.40-10.0 mmol L À1 stock solutions were prepared by dissolving a denite amount of the substance in 0.1 mol L À1 Brij® 35 with sonication for 10 min.
DPPHc was purchased from Aldrich (Germany). Its stock solution (100 mmol L
À1
) was prepared by dissolving a denite amount in methanol (chemical grade purity).
All other chemicals were analytical reagent grade purity and used as received. The experiments were carried out at laboratory temperature (20-23 C) . All solutions of compounds under investigation were prepared exactly before the measurements.
Apparatus
Coulometric measurements were carried out using coulometric analyzer "Exper-006" (Econix-Expert, Moscow, Russia) with fourelectrode two-compartment electrochemical cell. A bare platinum wire with 0.5 cm 2 surface area was used as the working electrode, and a platinum wire separated from the anodic compartment with a semipermeable membrane as the auxiliary electrode. A pair of polarized platinum electrodes was used for detection of the titration end-point (DE ¼ 200 mV). The surface of the platinum electrodes was cleaned by HNO 3 and then rinsed thoroughly with double distilled water. WiseClean WUC-A03H (DAIHAN Scientic Co., Ltd, Republic of Korea) ultrasonic bath was used for the extraction.
Spectrophotometric measurements were performed on spectrophotometer PE-5300 (NPO Ecros, Russia).
Procedures
Coulometric evaluation of TAC, FRP and CRAC. TAC, FRP and CRAC assays are based on the coulometric titration of the sample with electrogenerated bromine, hexacyanoferrate(III) and Ce(IV) ions, respectively.
Electrochemical generation of bromine was carried out from
, at the current density of 5 mA cm À2 providing 100% current yield.
17,19,20
Coulometric titration was carried out in a 50 mL cell containing 20.0 mL of the supporting electrolyte. The generating circuit was switched on and a certain value of the indicator current was attained. Then, an aliquot portion (20-500 mL) of antioxidant standard solution or spices' micellar extract was added to the cell and the timer was simultaneously started. The titration end-point was detected by the attainment of the initial value of the indicator current. The timer was stopped, and the generating circuit was turned off. The times of titration were used for the TAC, FRP and CRAC calculations.
TAC, FRP and CRAC were expressed as Coulombs (C) per gram of dry spices.
Antioxidant activity assay. Antioxidant activity of spices' extracts were determined using the free radical DPPHc. 21 In its radical form, DPPHc absorbs at 515 nm, but upon reduction by an antioxidant or radical species its absorption decreases.
A volume of 3.0 mL of 100 mmol L À1 DPPHc methanol solution was used. The reaction was started by the addition of 5 mL of spices' micellar extracts. Aer incubation at room temperature in the dark for 20 min, the remaining DPPHc was determined by absorbance at 515 nm, and the radical scavenging activity of each sample was expressed using the ratio of the absorption decrease of DPPHc (%) to that of the control DPPHc solution (100%) in the absence of the sample. 5 mL of 0.1 mol L À1 Brij® 35 were added to the control DPPHc solution in order to take into account the surfactant medium effect on the DPPHc absorbance.
Sample preparation
The spices available in the local market were studied. A representative portion of the milled samples (0.1000 AE 0.0003 g) was weighed and preliminary ultrasonic liquid extraction with surfactant micellar media was used. Extraction conditions were varied in order to nd the best recovery of phenolic antioxidants. Then, extracts were ltered and used for further measurements.
Data treatment
Coulometric measurements were performed in ve replications and spectrophotometry in triplicate. Statistical evaluation was performed at a signicance level of 5%. All data are expressed as the X AE DX with X as average value and DX as condence interval. Correlation analysis was performed using OriginPro 8.0 (OriginLab, USA) soware.
Results and discussion
Ultrasound-assisted micellar extraction of phenolic antioxidants from spices
The applicability of surfactant micellar media with ultrasound treatment for phenolic antioxidants' extraction from spices was tested. Cationic CPB, anionic SDS and nonionic Triton X100 and Brij® 35 micellar media were used as the extractants. Three spices with different contents and types of major antioxidants, clove in particular, nutmeg and caraway, were chosen as model systems. The ultrasound treatment was applied for 10 min for extraction intensication. The effect of the surfactant's nature and concentration on the extraction yield of phenolic antioxidants was studied by coulometric titration with hexacyanoferrate(III) ions that were selective towards this class of antioxidants. The extraction efficiency was expressed as a quantity of electricity required for the titration of the extract. As one can see from Table 1 , the highest extraction was obtained for the 0.1 mol L À1 Brij® 35 micellar media. Therefore, it was used for further investigations. Extraction time of 5-15 min under ultrasound treatment was tested (Fig. 1) . The maximum extraction was achieved at 10 min, which was used for further measurements.
This approach was applied for 20 spices and the spice/ extractant ratio providing the maximum recovery of phenolic antioxidants was found (Fig. 2) . The highest recovery was varied in a wide range depending on the spices' nature. The best results were obtained at 1 : 20 ratio for nutmeg and caraway, 1 : 30 for cinnamon, clove, rosemary, anise and black turmeric, 1 : 40 for basil, cumin, coriander and red hot pepper, 1 : 60 for oregano, black cardamom, turmeric, black pepper and star anise, 1 : 80 for green cardamom and 1 : 100, 1 : 110 and 1 : 120 for ginger, paprika and white pepper, respectively. Micellar extraction is much more effective than ethanolic extraction under the same conditions using ultrasound treatment ( Fig. 3 ) due to the higher extraction power of Brij® 35 micellar medium. Moreover, Brij® 35 ultrasound-assisted micellar extraction for 10 min provides statistically signicant higher recovery of phenolic antioxidants (P < 0.05) than methanolic extraction for 48 hours. 22 The corresponding data are presented in Table 2 . The improvement of the extraction rate is attributed to several mechanisms, including cavitation and cell wall disruption. 5 The higher efficiency and yield of the ultrasound-assisted process over traditional extraction are caused by cell wall disruption that increases and improves the mass transfer and, consequently, decreases the extraction time. Thus, ultrasoundassisted micellar extraction can be considered as a good alternative to organic solvents that are usually used for preparation of spice extracts.
In order to test the antioxidant properties of the extracts obtained, the reactions of individual phenolic antioxidants of spices with the electrogenerated oxidants were studied in Brij® 35 micellar medium.
Reactions of phenolic antioxidants with the electrogenerated oxidants in Brij® 35 micellar medium
The reactivity of individual phenolic antioxidants of spices with electrogenerated hexacyanoferrate(III), bromine and Ce(IV) ions in micellar media is an important parameter that is required for the evaluation of a spices' antioxidant properties. Table 3 The number of electrons participating in the reactions of phenolic antioxidants with the electrogenerated oxidants (n ¼ The main phenolic antioxidants of spices (rutin, quercetin, catechin, tannin, gallic, rosmarinic and hydroxycinnamic acids, curcumin, capsaicin, eugenol and thymol) were investigated. Their standard solutions were prepared in 0.1 mol L À1 Brij® 35.
All the antioxidants under investigation interacted with the coulometric titrants (hexacyanoferrate(III), bromine and Ce(IV) ions) fast and quantitatively. The number of electrons participating in the reactions was calculated according to Faraday's law ( Table 3 ). The data for hexacyanoferrate(III) ions correspond well to those reported earlier in Triton X100 micellar medium.
16
The electrogenerated hexacyanoferrate(III) ions react with hydroxyl groups of analyte molecules. The number of electrons participating in the reaction depends on the structure of compound. Thus, one electron is involved in reactions of monophenols (thymol and p-coumaric acid) as well as capsaicin, eugenol and ferulic acid, resulting in formation of the Table 4 Total antioxidant parameters of spices micellar extracts based on coulometric titration with the electrogenerated hexacyanoferrate(III) ions, bromine and Ce(IV) (n ¼ 5; corresponding phenoxyl radical. Flavonoids are oxidized with participation of the aromatic hydroxyl groups. The glycoside moiety does not react with the titrant, as has been shown on example of rutin (quercetin glycoside). Chlorogenic, caffeic and rosmarinic acids are oxidized to the corresponding o-and di-oquinones involving two and four electrons, respectively. In a basic medium under the air, gallic acid undergoes dimerization forming dehydrodigallic acid, which is then oxidized by hexacyanoferrate(III) ions to the corresponding di-o-quinone. As for curcumin, it is unstable in basic medium and is decomposed to form feruloylmethane and ferulic acid 23 that react with the titrant too.
Electrooxidation of bromide ions in acidic medium leads to the formation of Br 3 À , Br 2 and short-lived bromine radicals (Brc el. ) adsorbed on the generating electrode surface. 19 These species can take part in radical and redox reactions, as well as electrophilic substitution and addition to multiple bonds. Therefore, a large number of electrons participate in the reactions of phenolic antioxidants with electrogenerated bromine. Moreover, further reactions of the primary products can also occur. Oxidation of hydroxyl groups with formation of the corresponding quinones probably occurs rst. In the case of avonoids (catechin, rutin, and quercetin), oxidation of hydroxyl groups of ring B takes place initially. Gallic acid is oxidized to o-quinone, which is unstable and may undergo further reactions, for instance, condensation and dimerization.
Electrogenerated Ce(IV) is the most powerful oxidant, providing very deep oxidation of the antioxidants under investigation. This is reected by the number of electrons participating in the corresponding reactions. In the case of avonoids and hydroxycinnamic acids, the oxidation of hydroxyl groups takes place with the formation of corresponding quinoid structures.
On the basis of data obtained, the coulometric titrants can be successfully applied for the evaluation of antioxidant properties of different samples in Brij® 35 micellar media.
Antioxidant properties of spices' micellar extracts
Coulometric titration with hexacyanoferrate(III) ions, bromine and Ce(IV) was used for the evaluation of spices' micellar extracts antioxidant properties via the total parameters FRP, TAC and CRAC, respectively. An important advantage of the total parameters is the possibility to consider a sample of complex matrix as a whole, excluding determination of each individual component. This approach also allows to take into account the synergetic or antagonistic effects of individual compounds that can usually take place in the case of polycomponent samples.
The results of the evaluation of spices' micellar extracts antioxidant parameters are presented in Table 4 . All the antioxidant parameters are found to vary signicantly (P < 0.001) depending on the spices' nature. TAC and CRAC are signi-cantly higher than FRP for all the samples investigated. This is caused by the reactivity of the titrants used, as well as the type of antioxidants extracted with Brij® 35 micellar medium. Moreover, different mechanisms of reactions occur depending on the titrant nature (see Section 3.2.). Cinnamon and clove are characterized by the highest FRP, TAC and CRAC among the spices tested, which corresponds well with their antioxidant activity 24 and FRP reported earlier for Triton X100 micellar extracts. 16 The FRPs of the spices studied agree with the total phenolics contents presented in the literature. [24] [25] [26] The phenolic constituents of the spices are discussed in detail earlier.
1,26,27 These are mainly phenolic acids and avonoids as well as some specic phenolic antioxidants like malabaricones B and C in nutmeg 28 or gingerols, shogaols, paradols and zingerone in ginger 29 etc. Comparison of antioxidant parameters for spices' micellar extracts with their antioxidant activity towards DPPHc has been performed. Similar to the coulometric assay, the highest antioxidant activity has been observed for clove and cinnamon, which corresponds well to the data reported for organic extracts of these spices. 24 Antioxidant activity towards DPPHc decreased as follows: basil < oregano < black pepper < nutmeg < rosemary z coriander < star anise < anise. Other spices showed relatively low (<5%) antioxidant activity towards DPPHc. These results can be explained by the reactivity of the spices' individual antioxidants towards DPPHc. Some antioxidants do not interact, or react slowly or reversibly with the DPPHc, which leads to falsely low values of antioxidant activity. The positive correlations (Fig. 4) between FRP, TAC and CRAC and antioxidant activity towards DPPHc have been obtained with r ¼ 0.9502, 0.8676 and 0.8855 (r crit ¼ 0.444 at n ¼ 20 and P ¼ 0.95), respectively, which conrms the accuracy of the parameters obtained. Therefore, the coulometric method adequately reects the antioxidant properties of spices' micellar extracts.
Conclusions
Phenolic antioxidants of spices are dissolved in micellar media and their antioxidant properties are retained. The surfactant micellar media in combination with ultrasound treatment can be successfully applied as an alternative extractant, providing high yield of phenolic antioxidants and avoiding organic solvents usage. The highest recovery of phenolic antioxidants was achieved using nonionic surfactant Brij® 35. The application of ultrasound-assisted extraction signicantly reduces the time and solvent consumption. The approach developed is simple, green, cheap, rapid and reliable, which allows its use for the extraction of active principals from spices and other plant materials.
